Abstract -The objective of this work was to evaluate the root system distribution and the yield of 'Conilon' coffee (Coffea canephora) propagated by seeds or cuttings. The experiment was carried out with 2x1 m spacing, in an Oxisol with sandy clay loam texture. A randomized complete block design was used, following a 2x9x6 factorial arrangement, with two propagation methods (seeds and cuttings), nine sampling spacings (0.15, 0.30, 0.45, 0.60, 0.75, and 0.90 m between rows, and 0.15, 0.30, and 0.45 between plants within rows), six soil depths (0.10-0.20, 0.20-0.30, 0.30-0.40, 0.40-0.50, and 0.50-0.60 m), and six replicates. Soil cores (27 cm 3 ) with roots were taken from 12 experimental units, 146 months after planting. The surface area of the root system and root diameter, length, and volume were assessed for 13 years and, then, correlated with grain yield. The highest fine root concentration occurred at the superficial soil layers. The variables used to characterize the root system did not differ between propagation methods. Moreover, no differences were observed for net photosynthetic CO 2 assimilation rate, stomatal conductance, internal CO 2 concentrations, and instantaneous water-use efficiency in the leaves. Cutting-propagated plants were more productive than seed-propagated ones.
Introduction
Seed-derived plants from Coffea canephora Pierre ex A. Froehner are both genetically and morphologically heterogeneous, which results in substantial variations in plant architecture, disease resistance, maturation time, seed size and shape, and yield (Conagin & Mendes, 1961; Bragança et al., 2001) . Therefore, commercial propagation of the species has been done by cuttings, which overcomes the variability caused by seed propagation. Cutting-propagation is physiologically viable and ensures maximum crop homogeneity, besides other desirable traits, especially grain maturation, fruit yield and size, and plant vigor (Weigel & Jurgens, 2002; Paiva et al., 2012) . Moreover, this technique has allowed the establishment of coffee crops in areas with biotic or abiotic limitations (Miranda et al., 2011; Paiva et al., 2012) .
Commercial 'Conilon' coffee fields use seedlings from cuttings. However, there are important questions related to the development of plants derived from cuttings, as for their ability to grow in depth and to anchor and support adult plants.
Root system characteristics are known to differ according to species, genotype, plant age, season, climate, plant density, root diameter, biotic stresses, and soil texture and structure (Lynch, 1995) . Current studies addressing the characteristics of root system of coffee plants are still inconclusive as to its distribution in the soil profile, as well as to root physiology, size, and volume (Rena & Guimarães, 2000; Carvalho et al., 2008; Andrade Júnior, 2013) . Therefore, additional knowledge on coffee root system can improve crop management, since a well-developed root system can enhance water and nutrient uptake and, also, increase the efficiency of soil-applied fungicides and insecticides, which can directly affect plant yield and tolerance to drought and other stresses (Franco & Inforzato, 1946; Rena & Guimarães, 2000; Carvalho et al., 2008) .
The objective of this work was to evaluate the root system distribution and the yield of 'Conilon' coffee (Coffea canephora) propagated by seeds or cuttings.
Materials and Methods
This experiment was carried out in Vila Valério (18°57'S; 40°18"W, at approximately 150 m altitude), in the north-western portion of the state of Espírito Santo, Brazil. The climate type in the region is tropical, with hot and humid summers and dry winters. The annual rainfall is 1,200 mm, and precipitation volume concentrates between November and January. Annual average temperature is 23°C, with 29°C maximum mean and 18°C minimum mean (Comitê de Bacia Hidrográfica do Rio Doce, 2013). The soil in the area was classified as Typic Hapludox (Latossolo Vermelho Amarelo, Santos et al., 2013) , with sandy clay loam texture, whose physical and chemical attributes (Silva, 2009 ) are described in Table 1 .
The crop was established on November 22, 1999, in a 2x1 m spacing, following east-west orientation. The experiment was carried out in a randomized complete block design in a 2x9x6 factorial arrangement, with two forms of propagation (seed and cuttings), nine soil sampling spacing distances (15, 30, 45, 60, 75, and 90 cm between rows, and 15, 30, and 45 cm between plants in the rows) -which represented six samples in the career direction, and three between plants -, six soil depths (10-20, 20-30, 30-40, 40-50, and Net CO 2 assimilation rate (A), stomatal conductance to water vapor (g s ), internal CO 2 concentration (Ci), and transpiration rates (E) were measured in two leaves, on 12 plants per treatment, using a portable Irga open system Ciras 2, (PP Systems, England). Measurements were taken between 8:00 and 10:00 h. During this interval, plants were subjected to field variations, ranging approximately between: 1,200 and 1,400 μmol m -2 s -1 irradiance; 65 and 70% relative humidity; and 22 and 24ºC; with 380 μL L -1 air CO 2 concentration. In general, maximum ranges occur by mid-morning (Silva et al., 2004) . Determinations were performed in recently matured leaves, from the upper parts of plants.
Chlorophyll (Chl) fluorescence and gas exchange were evaluated on the same leaves, at the same times, using a Ciras 2, PP Systems. The photochemical quenching (qP) (Kooten & Snell, 1990 ) and the photosystem II (PSII) energy conversion efficiency (Fv'/Fm') (Krüpa et al., 1993) were obtained under steady-state photosynthetic conditions (irradiance of 650 μmol m -2 s -1 and saturating flashes of 6,000 μmol m -2 s -1 ). In order to evaluate the root system, soil cores were taken from 12 experimental units, 146 months after planting, as follows: six plots with plants derived from seed, and six from cuttings (six replicates). The large number of treatments (2x9x6) and replicates (six plots per treatment) were able to provide a broad knowledge of the root system distribution of 'Conilon' coffee, and made it possible to build maps based on reliable results. Sampled monoliths had 27 cm 3 volume (3x3x3 cm). Samples were stored in plastic bags and refrigerated at approximately -10°C until analysis. The monoliths were washed to separate roots from the soil with running water and 30-mesh sieve. Roots retained in the sieve were transferred to another sieve (60 mesh) and were washed in water again.
The washed roots were photographed with a digital camera and, subsequently, they were analyzed using the Safira software, which is an analysis system for fibres and roots (Embrapa Instrumentação Agropecuária, São Carlos, SP, Brazil) (Jorge & Rodrigues, 2008) , in order to quantify length, volume, surface area, and diameter of roots. Fine root content per volume (cm 3 ) of soil was estimated with roots with less than 1 mm diameter.
Nonnormally distributed data associated with root diameter, surface area, length, and volume were transformed [y = Log (x + 1)] prior to the analysis of variance and comparison of means; notwithstanding, the original data were shown.
Statistical analysis was performed using Assistat 7.6 (Silva, 2012) . Data were subjected to the analysis of variance, following a Box-Cox transformation. Means were compared by Tukey's test, at 5% probability.
Isoline diagrams were drawn using the GS+ version 7 software (Gamma Design Software, Plainwell, Michigan, USA), in order to illustrate the spatial distribution of the root system in the soil profile, in two dimensions.
Results and Discussion
The yield of cutting-propagated plants was significantly higher in the 1 (Table 2) , whereas seed-propagated plants did not show significantly higher yields in none of the studied years. The highest yield difference between the two groups of plants was found after the first two harvests. The overall production along the experimental period was 43,788 kg ha -1 for cutting-propagated plants, and 35,644 kg ha -1 for seed-propagated ones. Additionally, the average annual yields for the 13-year period were respectively 3,368 and 2,742 kg ha -1 . Therefore, cutting-propagated plants had a significantly higher yield during the trial, showing a clear advantage over the seed-propagated ones.
Plants derived from cuttings had earlier production capability, which might be caused by the greater physiological maturity of these individuals. In that respect, these plants were able to develop a higher number of productive (plagiotropic) branches sooner than seed-derived ones. This might be related to the fact that 'Conilon' clones are produced from cuttings of physiologically differentiated tissue (Bragança et al., 2001) . In contrast, seed-derived plants are able to develop plagiotropic (i.e., productive) branches only by the ninth or tenth leaf axil. This difference delays fruiting stage and the full production potential of plants, which was clearly observed in the first four years of this experiment. These findings agree with Carvalho et al. (2011) , who observed that C. arabica 'Catuaí' plants had a better initial development when derived from vegetative propagation (somatic embryogenesis). However, the higher yields observed for plants derived from cuttings may also have been caused by the better genetic material used for the propagation of these plants.
Net photosynthetic CO 2 assimilation, stomatal conductance to water vapor, internal CO 2 concentrations, and instantaneous water-use efficiency did no differ between propagation methods (Table 3) . Moreover, the energy harvesting efficiency and photochemical quenching were also statistically similar.
Regarding the root system, the average diameter of lateral roots was significantly higher in plants derived from seed (Table 4 and Figure 1 ), mostly due to data variation in depth, since no differences were observed in the horizontal position (distance from the coffee tree trunk). Seed-grown plants had a significantly greater diameter in the 50-60 cm layer, which was similar to that reported for C. arabica plants (Rena & Guimarães, 2000) .
When comparing root concentrations according to the horizontal distance from the trees, the first centimetres of the top-soil layer had greater values of root length and volume between rows than the ones observed within rows (Figure 2) . The area between plants in the rows did not receive topdressing fertilization. Therefore, this result most likely occurred because of the higher fertility in the space between rows (Sousa et al., 2002) .
Root surface area, length, and volume did not differ between the propagation methods in none of the evaluated distances or depths (Table 5 and Figure 2) . Therefore, under the particular conditions of this study, the root system of 'Conilon' coffee was not affected by the propagation method. This finding contrasts with the results reported for C. arabica, in which total root length and dry weight of cutting-propagated plants were greater than those of seed-propagated ones (Jesus et al., 2006) .
No interaction was observed between the evaluated distances and depths, for data related to root surface area, length, and volume. Roots had a higher concentration in the top soil layer (0-10 cm), which decreased with depth (Table 6 ). Roots had lower concentrations in the layers below 40 cm, showing a parallel with nutrient concentrations (P, K, and Ca) ( Table 1 (1) Means followed by equal letters, in the columns, do not differ, by Tukey's test, at 5% probability. root systems can also be observed for other species, such as passion fruit (Sousa et al., 2002; Lucas et al., 2012) and orange rootstocks (Zaccheo et al., 2012) . Although root development in coffee is mainly related to the genetic characteristics of the plant (Martins et al., 2013) , other factors may also interfere in the spatial distribution, such as the propagation form, seedling stage, and amount of water in the soil (Franco & Inforzato, 1946) . The availability of soil nutrients to plants can also influence the deep root density and distribution (Bakker et al., 2006) . According to Witschoreck et al. (2003) , the concentration of fine roots in the soil surface layer is related to the higher concentrations of organic matter and nutrients, and to favorable physical conditions. Nutrient availability can be a limiting factor for coffee root development, particularly for Brazilian soils (Rena & Guimarães, 2000) . (1) Means followed by equal letters, in the columns, do not differ, by Tukey's test, at 5% probability. 
